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The crystal growth of proteins is a complicated process
which is dependent on numerous factors. This communi-
cation highlights the unique contribution of oil as a major
parameter in protein crystallization.
The utilization of oil for protein crystallization was origi-
nally initiated to enable the dispensing and incubation of
very small crystallization samples using the microbatch
method, in which crystals are grown in 1–2 µl drops of a
mixture of a protein and crystallizing agents. The primary
role of the oil was to act as an inert sealant to prevent
evaporation of the small-volume trials. Experimental evi-
dence has revealed that the oil itself can play an important
part in the outcome of a crystallization experiment by
affecting the crystallization process throughout its stages
of nucleation and growth, and by enhancing the stability
of the resulting crystals. A wide range of experiments that
exploit the presence of oil to aid protein crystal growth are
presented. The focus here is on protein crystals, although
the methods described also apply to other biological
macromolecules.
The use of oil to generate small-volume crystallization trials
Many of the more interesting biological macromolecules
are often available in limited supply, hence there is
demand for techniques that rapidly obtain as much infor-
mation as possible on a macromolecule, while using
minimum amounts of material. Reduction in sample con-
sumption can be achieved by generating crystallization
trials in very small volumes, but this creates a problem of
evaporation which would lead to drying out of the samples.
The application of oil for protein crystallization was origi-
nally described by Chayen et al. [1,2], who used low
density paraffin oil as an inert sealant in order to prevent
evaporation of microbatch trials in which crystals were
grown as batch trials in 1–2 µl drops of a mixture of a
protein and crystallizing agents. The oil used was paraffin
liquid light (ρ = 0.84 g cm–3), a purified mixture of liquid
saturated hydrocarbons obtained from petroleum. Paraffin
was chosen after testing a variety of oils, many of which
were not suitable due to their interaction with the crystal-
lization trials (e.g. caused precipitation).
The set-up of crystallization under oil
Figure 1 illustrates the procedure of dispensing a crystal-
lization trial under oil. A crystallization drop (which contains
the macromolecule to be crystallized and the crystallizing
agents) is dispensed either manually or automatically, into a
container, under the surface of a thick layer of oil. As the
dispensing tip is withdrawn from the oil, the aqueous drop
detaches from the tip and sinks to the bottom of the vessel,
because it is heavier than the oil. The tip is wiped clean by
the oil, thereby preventing any carryover from one trial to
another. Mixing of the sample can take place either prior to
dispensing, or inside the oil by stirring the drop with the
dispensing tip. Setting up batch trials is simpler and speed-
ier than other methods, especially when trials are dispensed
automatically, thus enabling over 100 experiments to be set
up in approximately 25 min [1–3].
Figure 2 shows a view of a 2 µl crystallization drop under
oil containing a crystal of alcohol dehydrogenase from
Thermoanaerobacter brockii (crystallization conditions have
been reported previously [4]). The photograph was taken
Figure 1
The mechanism of dispensing a crystallization trial under oil. A
crystallization drop is dispensed into a container, under the surface of
a layer of oil. The dashed circle represents the initial position of the
drop at the time of dispensing. As the dispensing tip is withdrawn from
the oil, the aqueous drop detaches from it and sinks to the bottom of
the vessel.
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through a microscope. The crystal measures 600 × 400 ×
130 µm, confirming that the small size of the drop is not a
limiting factor to attaining large crystals.
The microbatch method is essentially a batch experiment
in which the macromolecule and the crystallizing agents
are mixed at their final concentrations at the start of the
experiment, thus supersaturation is achieved upon mixing.
Consequently, the composition and the volume of a trial
remain constant, and crystals will only form if the precise
conditions have been correctly chosen ([5] and references
therein). This is in contrast to all other crystallization
methods (based on diffusion) in which the protein solu-
tion is undersaturated at the outset of the experiment and
conditions are changing from the time of set-up until equi-
librium is reached. This dynamic nature of the diffusion
methods enables a self-screening process to take place in
each diffusion trial; hence, several microbatch trials may
be required to replace a single diffusion trial. The stability
of the batch sample is an important benefit for conducting
diagnostic studies on the process of crystal growth, as the
history of the sample can be followed reliably. This
benefit may become a handicap, however, in the case of
screening for crystallization conditions, because it is con-
ceivable that the gradual change of conditions (en-route to
equilibrium), which occurs in the other methods, may be
the crucial factor for the formation of crystals [6–8].
A major element that makes the microbatch experiment a
batch, as opposed to a diffusion system, is the sealing of
the samples by the paraffin oil. Paraffin oil has proved to
be a good sealant, allowing only a negligible amount of
water evaporation through it during the average time
required for a crystallization experiment.
Experience has shown that, although oil and water are
thought to be immiscible, water can evaporate at different
rates through different oils. Paraffin oil allows for little or
no diffusion of water through it, whereas a sample drop
incubated under silicone fluid (a polymer of repeating
dimethylsiloxane units) can dry up within 24 h. Paraffin
and silicone oils are miscible, and it was shown by D’Arcy
et al. [7] that by mixing different ratios of these two oils,
the evaporation rate from a trial drop can be regulated so
that the ingredients in a trial become more concentrated
with time. This modification of the microbatch method,
provides a means of simultaneously retaining the benefits
of a microbatch experiment and gaining the inherent
advantage of the self-screening process of a diffusion trial.
The authors reported that using a combination of paraffin
and silicone oils to cover microbatch trials for screening
experiments resulted in the appearance of crystals within
a shorter space of time than those trials which were placed
under paraffin oil alone. These results were confirmed by
other experimenters [9]. A similar effect can be accom-
plished by varying the thickness of the oil layer covering
the trials (Chayen, unpublished results). An additional
advantage of setting up such ‘diffusion–batch’ trials is that
shock nucleation (which can be caused by the mixing of
high concentrations of protein and/or precipitating agents
in standard batch experiments) is prevented. Obviously,
when using the combinations of oils and/or a thin layer of
oil, frequent monitoring of the trials is imperative. Once
crystals are observed, more oil must be applied to prevent
the drops from drying out.
It is interesting to note that not only the type and the quan-
tity of the oil can dictate the outcome of a crystallization
experiment, but also the time of incubation. The effect of
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Figure 2
A view of a 2 µl crystallization drop under oil.
The boundary of the aqueous drop can be
identified by the outer circle; the inner circle is
the diameter of the bottom of the
crystallization plate. The crystal is of alcohol
dehydrogenase from Thermoanaerobacter
brockii (by courtesy of Y Korkhin). The
colourful images within and around the drop
are due to birefringence of the plastic plate.
Scale: 1.5 cm = 0.5 mm.
time as an additional factor was revealed when crystallizing
β-crustacyanin, a protein of the lipocalin family. This
protein could only be crystallized by the microbatch
method under paraffin oil, yet it took four months to
produce diffraction quality crystals [10,11]. No crystals were
produced if trials were set up under a mixture of paraffin
and silicone. It transpired that in spite of being covered by
paraffin oil, some evaporation was taking place due to the
lengthy time of incubation. In a typical microbatch experi-
ment, crystallization takes place within a week or two, and
because water and paraffin oil are essentially immiscible,
evaporation during this time is negligible. Given ample
time, however, slow evaporation can occur (as there is no
absolute immiscibility), which can proceed until the drop
dries out. It is apparent that the β-crustacyanin solution
underwent a very gradual increase in concentration until it
reached the certain point suitable for its nucleation and sub-
sequent growth of crystals [8].
The application of oil to improve vapour diffusion
experiments
The microbatch method and variations of it have estab-
lished a new concept in protein crystallization. The vapour
diffusion method, which is still the most popular method
of crystallization, however, does have advantages that are
not fulfilled by microbatch. One such advantage is the
ability to affect the equilibration rate of the trials (without
the risk of the trials drying out) by varying the distance
between the reservoir and the crystallization drop [12].
This can not be achieved, however, in the popular Linbro-
type plates, because a change in the drop-to-reservoir dis-
tance is not sufficient to affect the equilibration rate in
such plates [13]. A means to slow down the equilibration
rate and thus approach supersaturation more slowly was
devised [14] by the introduction of an oil barrier over the
reservoir of conventional vapour diffusion trials (hanging
or sitting drops) in Linbro (Figure 3a) and in standard
sitting-drop plates. It was demonstrated that the type of
oil and the thickness of the oil layer situated above the
reservoir dictated the speed of crystallization. In trials con-
taining an oil barrier, crystals required over a week to grow
to full size, yet the number of crystals was reduced and
their size was significantly larger (Figure 3c) than that of
crystals, which grew (to their full size) overnight, in
control trials which had no barrier (Figure 3b).
The contribution of oil to the control of heterogeneous
nucleation
Even the most successful crystallization methods still rely
on trial and error rather than on a systematic approach to
the problem of crystallization. Nucleation is a pre-requi-
site, and the first stage of crystallization of any protein.
The ability to control this stage would be a big step
forward in designing crystallization experiments, hence
studies concerning nucleation are of high priority in the
field of crystal growth.
Cleanliness of trials
To enable control of nucleation, extremely clean solutions
are required. In microbatch methods, in which the drops are
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Figure 3
Application of oil to improve vapour diffusion experiments (a) Set-up of
a hanging-drop experiment containing an oil barrier. A hanging drop
experiment is set up in a Linbro plate as it would normally be
performed, the only difference being that a measured volume of oil is
layered above the reservoir. (b) Thaumatin crystals grown overnight in
a standard hanging drop. (c) Thaumatin crystals grown over 8 days
from the same conditions as in (b), the only difference being the
presence of 500 µl of oil (equal volumes of paraffin and silicone oils)
over the reservoir. The photographs were taken at the same
magnification. Scale: 1.5 cm = 0.25 mm.
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maintained under oil, the samples are never exposed to air
and are therefore protected from airborne contamination.
The combination of filtration methods, which allow the
removal of particles as small as 100 nm from small volumes,
with dispensing and incubating of trials under oil provides
an ideal environment for controlled heterogeneous nucle-
ation experiments [15–17]. Filtration of a crystallization trial
through a 300,000 MW cut-off filter can prevent nucleation
under conditions previously considered standard [15,18].
Providing the trial remains under oil, nucleants can be
added in a controlled manner because the oil prevents any
other contaminant from entering the trial. Experiments
have been performed in which the nucleation and conse-
quently the number and size of lysozyme and of car-
boxypeptidase G2 crystals was determined at will, by the
addition of different quantities of a nucleant to filtered trials
containing these proteins. The cleanliness of such trials has
produced highly reproducible results [15,16].
Effect of surface contact
It has been reported that heterogeneous nucleation, which
is often detrimental to the production of diffraction quality
crystals, can be induced by the contact of a crystallization
trial with the walls of its supporting vessel [16,19]. The
nucleation properties of such solid surfaces can be mani-
fested even after filtration. A series of experiments shown
in Figure 4 demonstrate how the application of oil can
determine the contact area between the trial and its sup-
porting vessel, thereby enabling the experimenter to
monitor the nucleation, and reduce or increase its level at
will. The Figure illustrates three situations. Firstly, Figure
4a shows a drop of protein in solution that has been dis-
pensed onto the floor of a vial and then covered by a layer
of oil; the drop spreads out and flattens over the floor of the
container. Secondly, Figure 4b illustrates a drop dispensed
into oil as performed by the normal microbatch procedure
(shown in Figure 1); the drop forms a spherical shape, with
just a small part of it touching the floor. Thirdly, Figure 4c
represents a situation of ‘containerless crystallization’ in
which a crystallization drop is suspended between two oils
of different densities as described previously [17,20]. The
two oils (high density fluorinated silicone fluid and standard
silicone fluid) are not miscible and the drop floats at the
interface, thereby not touching the container walls.
The number of crystals produced by the procedures illus-
trated in Figures 4b and c is significantly reduced (by as
much as tenfold) and their size is, on average, three-times
larger than those grown by the procedure shown in Figure
4a, in which the drop has the largest contact area with its
vessel [16, 17]. Nucleation is not totally eliminated by the
third procedure (Figure 4c), and, surprisingly, the number
of crystals grown in the containerless situation was only
10% less than the number obtained by the normal micro-
batch procedure (Chayen, unpublished results). This indi-
cates that the interface between the two oils also acts as a
surface, but its properties have a somewhat reduced effect
on nucleation compared with that of a solid material.
Protection of crystallization samples and crystals by the oil
It is generally believed that external disturbances such as
vibration can cause excess nucleation and lead to the for-
mation of smaller crystals or to crystal imperfections.
Trials under oil are preserved from physical shock,
because the nuclei and the forming crystals are buoyed
and cushioned by the viscous oil, making trials less sus-
ceptible to vibration and allowing unmounted crystals to
be easily transportable. Crystals in oil were carried from
London to synchrotron sources in Europe (travelling by air
and train) and were delivered intact.
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Figure 4
Determination of the contact area between a
crystallization trial and its supporting vessel by
the application of oil. (a) Large contact area: a
crystallization drop dispensed onto the floor of
a vial and then covered by a layer of oil; the
drop spreads out and flattens over the floor of
the container. (b) Small contact area:
dispensing by the standard microbatch
procedure (shown in Figure 1) leads to the
formation of a spherical drop with just a small
part of it touching the floor. (c) ‘Containerless
crystallization’: a crystallization drop is
suspended between two oils of different
densities; the drop floats at the interface,
thereby not touching the container walls.
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The presence of the oil can offer the additional benefit of
protecting crystals, which have formed in the oil, from dis-
solution. Using vapour diffusion one often encounters
problems concerning changes in drop volume, particularly
when precipitants such as polyethylene glycol and volatile
solvents are used. The absorbance of a volatile precipitat-
ing agent [19] or a slight change in temperature can cause
enlargement of the drops, thus diluting the protein and
causing dissolution of crystals; this can occur during the
short space of time when crystals are being observed
under the microscope. Providing the crystals are incubated
under a sufficiently thick layer of paraffin oil, the volume
of the drops remains constant and no dissolution occurs
[21], unless the solubility of the protein is temperature
dependent [22].
Limitations of crystallizing under oil
Application of organic molecules as precipitants and/or
additives
Experimental data have indicated that most macromole-
cules which were tested could be crystallized under oil
([8] and references therein). The oils described above do
not interfere with the common precipitants such as salts,
polyethylene glycol (PEG), Jeffamine and 2-methyl-2,4-
pentanediol (MPD) as shown in many crystallization
reports (e.g. [23–25]). Moreover, samples containing
detergents have also been crystallized under oil [26]
(Chayen and Nechushtai, unpublished results). Not every
case is suitable for crystallization under oil, however. A
limitation of this method is that it cannot be applied at all
in cases which require volatile organic molecules (which
are soluble in the oils, e.g. dioxane, phenol and thymol) in
the crystallization medium, nor with organic precipitants
or additives that interact with the oil [8]. Organic sub-
stances that are not volatile can be saturated into the oil
prior to setting up the experiments (P Shaw Stewart, per-
sonal communication).
Harvesting and mounting of crystals
Harvesting crystals from oil is somewhat more difficult
than harvesting from coverslips or sitting-drop plates,
hence a detailed protocol for harvesting and mounting
crystals from the oil has been reported by Shaw Stewart
and Conti (http://www.douglas.co.uk/). A common problem
is the sticking of crystals to their supporting surface. The
standard procedure is to siliconize the plates and to use
microtools to gently release the crystals. Growing crystals
in suspended drops between two oils (as described above
and in Figure 4c) would solve the problem of sticking
but may introduce other difficulties. An aid to harvesting
crystals, which seems to have been overlooked (at least
in harvesting from microbatch), was reported back in
1984. The authors [27] found that a layer (2 mm thick) of
high-vacuum silicone grease (which has a gel-like
texture) provided an excellent support on which to grow
protein crystals and facilitated subsequent harvesting.
The authors also used the silicone grease to orient seed
crystals of phosphoglucomutase.
Crystallization of membrane proteins under oil
Crystallization of membrane proteins under oil has not
been widely attempted, due to doubts about the suitabil-
ity of an oil-based method for crystallizing lipophilic
compounds. Surprisingly, crystals of chlorophyll binding
protein 43 (CP43) of the photosystem II (PSII) membrane
protein complex from spinach have produced larger crys-
tals under oil [26] than those produced by vapour diffusion
and dialysis. It is possible that the oil is essential in driving
the process, by slowly absorbing the detergent from the
aqueous drop, thereby encouraging the protein to gradu-
ally come out of solution and crystallize (B Hankamer,
personal communication).
Summary
The different facets of the utilization of oil demonstrate
that an individual oil and/or combinations of different oils
can influence the outcome of crystallization experiments.
The oil can play a part in the control of nucleation, affect
the rate of equilibration and consequently determine the
size of the forming crystals. Whether used for microbatch,
vapour diffusion or for control of nucleation, the presence
of oil is a parameter that can contribute to the accuracy,
cleanliness and to the increase in the reproducibility of the
experiments. Furthermore, the oil has a role in the protec-
tion of the trials during the course of their duration and in
maintaining the stability of the resulting crystals.
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